Introduction
The ability of a cell to acquire a highly polarized morphology is crucial for complex biological activities, such as the organization of the nervous system. Several signalling pathways have been shown to control neuronal polarization in vitro and in vivo (Arimura and Kaibuchi, 2007; Barnes et al., 2008) . Among the key regulators of this event is the partitioning defect (PAR) PAR-3/PAR-6/aPKC complex (Goldstein and Macara, 2007) . During the in vitro polarization of hippocampal neurons (Dotti et al., 1988) , the PAR/aPKC complex becomes concentrated from multiple minor neurites extending from the neuronal cell body (stage 2) into the tip of the single developing future axon (stage 3) (Arimura and Kaibuchi, 2007) . The proper localization of the PAR/aPKC complex is necessary for neuronal polarization through its influence on the actin and microtubule cytoskeleton (Chen et al., 2006; Nishimura et al., 2005) .
Neuronal polarity relies on coordinated cytoskeletal rearrangements and directed membrane traffic. Indeed, polarized membrane transport can already be observed in stage 2 neurons before axon extension (Bradke and Dotti, 1997; Calderon de Anda et al., 2008) . Axon specification is therefore likely to involve spatial regulation of membrane delivery. The exocyst, an evolutionarily conserved octameric complex (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 and Exo84) tethers secretory vesicles to specific domains of the plasma membrane, particularly in regions of polarized exocytosis, such as the growing bud in the yeast Saccharomyces cerevisiae (Zhang et al., 2005) and the basolateral membrane in epithelial cells (Grindstaff et al., 1998; Langevin et al., 2005) . In neurons, members of the exocyst complex contribute to neurite outgrowth and receptor transport to the synapse Sans et al., 2003; Vega and Hsu, 2001) . However, the role of exocyst components in the establishment of neuronal polarity in mammalian systems has not yet been investigated. In mammals, the exocyst complex acts as an effector of the Ras-like (Ral) GTPase isoforms RalA and RalB (Moskalenko et al., 2002) , mediating a variety of cellular processes, including filopodia formation (Sugihara et al., 2002) and cell migration (Rosse et al., 2006) . In neurons, I have previously shown that the exocyst participates in neurite branching downstream of integrin and Ral signalling (Lalli and Hall, 2005) . However, the potential function of Ral and the exocyst in axon specification remains unknown. In this report, I show that RalA influences neuronal polarity through the exocyst complex and the polarity proteins PAR-3 and aPKC.
Results and Discussion

RalA is involved in neuronal polarization
Ral has been previously shown to regulate neurite branching (Lalli and Hall, 2005) . To analyze the role of Ral in more detail at earlier developmental stages, cultured cortical neurons were examined in the initial phases of their development in vitro. Forty-eight hours after plating, 75% of neurons polarize and extend a single process positive for the axonal marker tau-1 (data not shown). Depletion of endogenous RalA by nucleofection with small interfering (si)RNA oligonucleotides caused a twofold increase in the number of unpolarized cells, which showed multiple tau-1-negative minor neurites (Fig. 1A,B , left graph). This was accompanied by a threefold increase in neurite length (Fig. 1B, middle graph) . RNA interference (RNAi)-mediated depletion of RalB had no significant effect on neuronal polarization (data not shown). Consistent with previous data, in RalA-depleted neurons that did polarize, the branch density of axons was lower, but the branch density of minor neurites (not previously examined) was largely unaffected (supplementary material Fig. S1A-D) . The partial inhibition of neuronal polarity is probably due to the time interval necessary for RNAi-mediated RalA protein depletion. Overall, these results indicate that RalA is involved in axon development, as well as axon branching, a dual function observed also for other proteins, such as c-Jun N-terminal Neuronal polarization requires localized cytoskeletal changes and polarized membrane traffic. Here, I report that the small GTPase RalA, previously shown to control neurite branching, also regulates neuronal polarity. RalA depletion, or ectopic expression of constitutively active RalA in cultured neurons inhibit axon formation. However, expression of a constitutively active RalA mutant that is unable to interact with the exocyst complex has no effect on neuronal polarization. Furthermore, depletion of the Sec6, Sec8 or Exo84 subunits of the exocyst complex also leads to unpolarized neurons. Early stages of neuronal polarization are accompanied by increasing levels of interaction of the exocyst complex with PAR-3 and atypical protein kinase C (aPKC), and by the RalA-dependent association of the exocyst complex with PAR-3. Thus, neuronal polarization involves a RalA-regulated association between mediators of vesicle trafficking (exocyst complex) and cell polarity (PAR-3).
kinase (JNK)-interacting protein 1 (JIP1) (Dajas-Bailador et al., 2008) .
To determine the activity of endogenous RalA during neuronal polarization, a Ral-GTP pull-down assay was used (Tian et al., 2002) . RalA activity increased after plating and peaked at 10 hours, at early stages of polarization, remaining at similar levels at 24 hours (Fig. 1B, right graph) . The cellular distribution of RalA during neuronal polarization was visualized, together with PAR-3, at different times after plating. Neurons were categorized by the criteria proposed by Dotti (Dotti et al., 1988) : after the initial sprouting of two neurites from opposite poles of the cell body, stage 2 neurons develop multiple neurites, whereas, by stage 3, one neuritepreferably one of the initial two sprouting processes (Calderon de Anda et al., 2008 ) -has become longer and begun to acquire axonal characteristics. RalA was found to concentrate at the tips of the longest extending neurite as early as 10 hours after plating (beginning of stage 3), before a clear accumulation of PAR-3 could be detected (Fig. 1C , top row, arrowheads), whereas partial colocalization between RalA and PAR-3 could be observed 24 hours after plating (Fig. 1C, bottom row, arrowheads) . The accumulation of RalA at the emerging axon tip in stage 3 neurons was quantitatively confirmed by ratiometric imaging against the cytoplasmic tracer 5-chloromethylfluoresceine diacetate (CMFDA) fluorescence (Nishimura et al., 2004 ) (supplementary material Fig.  S1E , right graph). Together, these data indicate that spatial accumulation and temporal activation of RalA occur during early phases of axon specification.
To further investigate the role of RalA during polarization, cortical neurons were nucleofected before plating with myc-tagged constitutively active (RalA72L) or dominant-negative (RalA28N) versions of RalA, or with HA-tagged Rlf-CAAX, a constitutively active Ral guanine nucleotide exchange factor (GEF) (Lalli and Hall, 2005) . Cells were fixed 24 hours later and co-stained for tau-1. Compared with GFP-expressing control cells, all three plasmids induced neurons with multiple tau-1-negative neurites (Fig. 1D,  arrowheads) . Quantification showed a twofold reduction of polarized neurons (Fig. 1E) . These results support the involvement of RalA in the establishment of neuronal polarity. The fact that either inactivation or global activation of RalA impaired axon formation indicates that a tight spatial and temporal regulation of Ral activity is needed for axon specification, a requirement essential also for other cellular roles of Ral (Moskalenko et al., 2002; Ward et al., 2001 ). In addition, cycling of RalA between the GDP-and the GTPbound forms could be essential for its function in neuronal polarity, similar to Cdc42 (Schwamborn and Puschel, 2004) . To test this hypothesis, the effect of a myc-tagged 'fast-cycling' RalA mutant (RalAF39L) (Omidvar et al., 2006) on neuronal polarization was examined. Nucleofection of this mutant proved detrimental to neurons, which exhibited substantial neurite blebbing. However, cells expressing low amounts of RalAF39L extended multiple tau-1-positive neurites longer than normal minor neurites (data not shown), suggesting that RalA cycling is indeed required for proper neuronal polarization.
RalA influences neuronal polarity through the exocyst complex
To determine which RalA effector (target) proteins contribute to neuronal polarity, myc-tagged constitutively active RalA (RalA72L) constructs harbouring additional mutations were used. Previous work identified distinct loss of binding of RalA72LD49N to RalBP1, RalA72LD49E to the exocyst complex and RalA72LΔN11 to phospholipase D (PLD) (Lalli and Hall, 2005) . Neurons were nucleofected before plating, then fixed and co-stained for tau-1 24 hours later to quantify the effect on neuronal polarization. Importantly, all the active RalA mutants induced an unpolarized phenotype similar to the one observed with active RalA72L except for RalA72LD49E, the mutant unable to interact with the exocyst (Fig. 1F ,G). These data strongly support a specific role for the exocyst complex among different Ral effectors in neuronal polarization.
The exocyst complex is essential for neuronal polarization
To investigate the role of the exocyst in neuronal polarization, the morphology of cortical neurons depleted of endogenous exocyst components by RNAi was assessed 48 hours after siRNA nucleofection. Three exocyst components (Sec6, Sec8 and Exo84) implicated in morphological differentiation or essential for the organization of a functional exocyst complex were targeted (Anitei et al., 2006; Blankenship et al., 2007; Zhang et al., 2005) . Cells almost completely depleted of Sec6, Sec8 or Exo84, as judged by immunofluorescence, were found to be unpolarized, showing long tau-1-negative neurites emerging from the cell body ( Fig. 2A,B) . A fraction of depleted neurons still displayed a polarized morphology, though these did have a modest decrease in neurite length and a more substantial decrease in both minor neurite and axon branch density (supplementary material Fig. S2A-C) , consistent with the reported role for the exocyst complex in branching (Lalli and Hall, 2005) . Quantification showed that RNAi of the different exocyst subunits caused a greater than 60% decrease in polarized neurons (Fig. 2C) . Interestingly, even though there was a general expected decrease in total neurite length compared with control cells, neurites extending from the cell body were considerably longer than average minor neurites of control cells, as observed in neurons depleted of PAR-3 (Schwamborn et al., 2007) Journal of Cell Science 122 (10) or RalA (Fig. 2D, compare with Fig. 1B, middle graph) . The latter observation is consistent with previous studies showing that RalA depletion destabilizes exocyst complex formation (Moskalenko et al., 2002) . Depletion of exocyst subunits had a more severe effect on polarization compared with RalA knockdown. This might be due to different efficiency of the RNAi approach in achieving sufficient depletion of these proteins in early polarization stages. Alternatively, the exocyst complex might also act via other RalAindependent polarization signalling pathways. Strikingly, only Exo84 RNAi caused a significant increase of the total number of Gradual assembly of the exocyst complex assessed by co-IP of endogenous Sec8 and Exo84 using an anti-Sec6 antibody at the indicated times after plating. Endogenous Sec8 is immunoprecipitated in similar amounts throughout the analyzed time interval, whereas Exo84 and PAR-3 are precipitated in increasing amounts with time (top panel and graph). Quantification of fold increase in the interaction of Sec6 with the indicated proteins at 12 hours was calculated relative to 3 hours and normalized to the amount of correspondent protein in lysates (mean ± s.e.m.: Exo84, 1.96c0.32; Sec8, 1.11±0.09; PAR-3, 1.97±0.10). (C) Sec6, Sec8 and Exo84 co-immunoprecipitate with PAR-3 during neuronal polarization. The PAR-3-exocyst subunit interaction increases from 3 hours to 12 hours (bottom graph, mean ± s.e.m.: Sec6, 2.50±0.45; Sec8, 2.40±0.41; Exo84, 2.94±0.63). (D) Sec6, Sec8 and Exo84 co-immunoprecipitate with aPKC during neuronal polarization (top panel). The aPKC-exocyst subunit interaction increases from 3 hours to 12 hours (bottom graph, mean ± s.e.m.: Sec6, 2.48±0.48; Sec8, 2.48±0.54; Exo84, 2.16±0.41). ns lanes, negative control IP with a non-specific antibody. neurites in unpolarized neurons (Fig. 2E) . As the efficiency of knockdown was comparable for all the targeted exocyst subunits as shown by western blot analysis (supplementary material Fig. S3 ), this result suggests that Exo84 might have additional specific functions in neuronal polarization, consistent with its role in promoting epithelial apical identity in Drosophila (Blankenship et al., 2007) . Finally, unpolarized cells lacking exocyst subunits also had a less complex morphology, owing to decreased total branch density (Fig. 2F) . Taken together, these results strongly support a dual role for the exocyst complex in neurite branching and neuronal polarity.
PAR-3 and aPKC interact with the exocyst during neuronal polarization
To analyze the localization of Sec6, Sec8 and Exo84 during neuronal polarization, cortical neurons were immunostained at different times after plating. All three proteins displayed a punctate, uniform distribution at stage 2 (data not shown). However, at stage 3 the exocyst subunits appeared concentrated at the tip of the presumptive axonal process, where they colocalized with PAR-3 (Fig. 3A,  arrowheads) . Quantitative ratiometric fluorescence/CMFDA analysis confirmed accumulation at the axon tip for Sec6 and Exo84, but not for Sec8 (supplementary material Fig. S1E ). The failure to detect Journal of Cell Science 122 (10) accumulation of Sec8 could be due to a more transient, and therefore less detectable, accumulation of this protein at the axon growth cone. If the exocyst indeed participates in neuronal polarization, it might be expected that the complex would assemble during early stages of neuronal development. Under the culture conditions used, polarization occurs between 10 and 24 hours after plating, with over 60% of neurons having a tau-1-positive axon at 24 hours (data not shown). Mammalian exocyst components can be found as distinct subcomplexes on vesicles (Sec10, Sec15, Exo84) and on the plasma membrane (Sec3, Sec5, Sec6, Sec8, Exo70) (Moskalenko et al., 2003) . Complex assembly can therefore be monitored by examining the presence of a component of one subcomplex in immunoprecipitates of a component from the other subcomplex. Whereas the association of Sec6 with Sec8 (same subcomplex) remained constant from 3 to 12 hours after plating, the interaction between Sec6 and Exo84 (different subcomplexes) increased with time (Fig. 3B) . Interestingly, Sec6 immunoprecipitates also contained increasing levels of PAR-3, suggesting an association between this polarity protein and the exocyst complex (Fig. 3B) . Further studies will be needed to fully clarify the molecular nature of such an interaction.
To further confirm the association of the exocyst complex with PAR-3, an anti-PAR-3 antibody was used for immunoprecipitation (IP), and an increasing interaction with Exo84, Sec8 and Sec6 could be detected from 3 to 12 hours (Fig. 3C) . Finally, an anti-aPKC antibody was also found to immunoprecipitate all three exocyst subunits (Fig. 3D) . The interaction of aPKC with the exocyst components increased with time and correlated with an enhanced Sec6/Exo84 interaction. Taken together, these results strongly support a role for the exocyst complex in axon specification involving an interaction with PAR-3 and aPKC. The coordination between exocyst complex assembly and its interaction with PAR-3/aPKC could ensure the polarized membrane delivery essential for axon specification and growth, and has not been previously reported. Interestingly, in S. cerevisiae, the Par1 counterparts Kin1 and Kin2 show genetic interaction with multiple components of the exocyst complex, and have been implicated in the regulation of late stages of exocytosis and the establishment of cell polarity (Elbert et al., 2005) .
RalA and the exocyst are essential for PAR-3 localization
The unpolarized phenotype observed in neurons lacking either RalA or exocyst complex subunits, together with the interaction between the exocyst and PAR-3/aPKC prompted an analysis of the localization of PAR-3 in RalA-and exocyst subunit-depleted neurons. As shown in Fig. 4A , PAR-3 did not accumulate in any of the neurites after RalA or exocyst subunit depletion. This strongly supports a role for RalA and the exocyst complex in neuronal polarity by contributing to the correct localization of PAR-3. RalA interacts with Sec5 and Exo84, and has been proposed to regulate the assembly of a full octameric exocyst complex (Moskalenko et al., 2003) . In cortical neurons, RalA appears to constantly interact with Sec6 (Fig. 4B) ; however, its activity increases with time during polarization (Fig. 1B, left graph) . RalA may therefore participate not only in the initial stages of neuronal polarization, but also in the later phase of axon extension, as it continues to be localized at axonal tips (Fig. 1C) .
Finally, in order to determine whether RalA is required for the interaction of PAR-3 with the exocyst, dominant-negative or constitutively active RalA versions were transfected into cortical neurons. Consistent with the observed effects on neuronal morphology (Fig. 1D) , both constructs substantially impaired the Sec6/PAR-3 interaction (Fig. 4C,D) , indicating that RalA may regulate the exocyst/PAR-3 interaction. As the localization of RalA at the nascent axon tip correlates with the reported localization of Ras, Rap and Cdc42 (Arimura and Kaibuchi, 2007) , these GTPases might function upstream of RalA as shown in other cellular contexts (Feig, 2003; Frische et al., 2007) .
In conclusion, localized activation of RalA at early stages of polarization may ensure spatial regulation of the exocyst (Spiczka and Yeaman, 2008) and of PAR-3, highlighting the requirement of a functional secretory pathway for the correct positioning of cell polarity regulators. A local interaction of the PAR complex with the exocyst could therefore be important for the establishment and reinforcement of cell polarity during axon growth. It remains to be seen whether the PAR complex actively regulates polarized secretion, or whether the exocyst complex contributes to PAR-3 trafficking, for example by its previously reported interaction with Rab11 (Wu et al., 2005) . Preferential assembly of the exocyst complex in the nascent axon favoured by RalA could also promote polarized membrane trafficking to the axon (Bradke and Dotti, 1997; Gartner et al., 2006) . By revealing an unexpected link between RalA and the exocyst with the PAR-3/aPKC polarity complex, this study provides new insights into an important crosstalk between membrane traffic and cytoskeletal remodelling in neuronal polarization.
Materials and Methods
Reagents were obtained from Sigma unless otherwise specified. Antibodies used were: mouse anti-RalA, mouse anti-Sec8 and rabbit anti-β-actin (BD Biosciences); mouse or rabbit anti-myc and rabbit anti-β-III tubulin (Abcam); mouse anti-Sec6 and mouse anti-tau-1 (Calbiochem); mouse anti-Exo84 (a gift from Shu Hsu, Rutgers University, Piscataway, NJ); rabbit anti-PAR-3 (Upstate); and rabbit anti-aPKC (Santa Cruz and Zymed). Cell culture media, supplements, Alexa 488, Alexa 350 and Texas Red fluorescent secondary antibodies, Alexa 488 phalloidin and CMFDA were obtained from Invitrogen. Ral-GTP assay beads were purchased from Upstate.
Cell culture
Cortical neurons were prepared from E18 rat embryos, nucleofected (Amaxa) and plated on polyornithine-coated dishes or coverslips (Lalli and Hall, 2005) . For Ral-GTP pull down assays, cells were plated on a 35 mm dish (1.5ϫ10 6 cells/dish). For IP experiments, neurons were plated on 10 mm plastic dishes (6.5ϫ10 6 cells/dish).
RNAi
Dissociated neurons were nucleofected with 9 μg of an siRNA duplex targeting RalA (Lalli and Hall, 2005) or a 'smart pool' of four siRNA duplexes targeting either Sec6, Sec8 or Exo84 (Thermo-Scientific/Dharmacon). As a control, equivalent amounts of a control siRNA duplex were used (MWG). Cells were immunostained or lysed 48 hours after siRNA nucleofection. In some experiments, GFP was co-nucleofected with siRNA at a 1:3 ratio.
Immunofluorescence and imaging analysis
Neurons were processed for immunofluorescence as described (Lalli and Hall, 2005) . For Exo84, neurons could also be fixed in pre-chilled methanol 5 minutes at -20°C. After blocking, cells were incubated with primary antibodies overnight at 4°C in PBS containing 1% BSA and 0.25% gelatin (antibody buffer) followed by 25 minutes incubation with secondary antibodies diluted in antibody buffer. Images were captured with a Zeiss AxioCam MRm CCD digital camera connected to an inverted Axioplan 2 microscope equipped with the ApoTome system and 63ϫ 1.4 NA, 40ϫ 0.95 NA and 20ϫ 0.75 NA Plan-Apochromat objectives (Carl Zeiss) using the Zeiss AxioVision 4.6 software. Confocal images were acquired with a Zeiss LSM 510 microscope equipped with a 40ϫ 1.3 NA DIC Plan-Apochromat objective, using the 488 and 543 nm lines of a krypton-argon and helium-neon lasers, respectively. Images were collected by averaging eight times at a single focal plane. Sections along the z-axis were spaced at 0.4 μm intervals. Images were processed with Photoshop CS3 using the brightness/contrast adjustments applied to the entire pictures. For neuronal polarity analysis, isolated neurons extending single processes that were at least twice as long as the other neurites and/or tau-1-positive were scored as polarized. Between 20 and 100 cells were analyzed per experiment, and the results of at least three independent experiments pooled for each condition. For neurite number, length and branch density measurements, 20 cells were analyzed per experiment and the results of at least three independent experiments pooled for each condition. Cell profiles were manually traced using NIH ImageJ. Only minor neurites that were at least as long as the cell body diameter and branches greater than 10 μm were considered.
For fluorescence/CMFDA ratiometric analysis, neurons were incubated with 10 μM CellTracker green CMFDA for 30 minutes at 37°C, washed and subsequently processed for immunofluorescence. Fluorescence intensity quantification of each protein and CMFDA staining were performed as described (Nishimura et al., 2004) using the Zeiss Axiovision 4.6 software. As a control, ratiometric analysis was performed for p38, a protein that does not accumulate at axon tips (Gartner et al., 2006) . At least 50 cells per condition from a total of three experiments were analyzed.
Statistical analysis was performed using a Kruskal-Wallis nonparametric analysis of variance test and Dunn's post-hoc tests with InStat 3.0 (GraphPad Software).
IP and Ral-GTP pull down assay
After two washes in cold PBS, cells from two 10 cm dishes per condition were scraped in 100 μl of IP buffer containing 150 mM NaCl, 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA pH 8.0, 1 mM MgCl 2 , 1 mM Na 3 VO 4 , 10 mM NaF, 1 mM PMSF and one Complete protease-inhibitor tablet/10 ml (Roche). After incubating 30 minutes on ice, lysates were cleared by centrifugation at 19,280 ϫ g for 15 minutes at 4°C and pre-cleared for 1 hour with protein G-Sepharose on a rotating wheel at 4°C. Protein concentration was measured in supernatants using a Bradford assay (BioRad Laboratories). Extracts were then incubated with 2 μg antibody and protein GSepharose 4-10 hours at 4°C. After centrifugation for 5 minutes at 560 ϫ g beads were washed four times with IP buffer containing 250 mM NaCl and 0.5% Triton. Western blot analysis was then performed on cell lysates as described (Lalli and Hall, 2005) . Quantification by optical density was performed using NIH ImageJ on four independent experiments. Ral-GTP pull-down assays were performed as described (Lalli and Hall, 2005) .
